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llaiei^oiin) 



I w ^J^""^. Fc and Cb based supeiallc^ having excellent oxidation resistance and wcldaWHty are disclosed. The aipcmlloys are 
partially fcjlacing the Ni in conventiofial supcialloys with fwm 2-55 % of Pd. so that for cx^lc 3 we!K 

V T^Rc ^Ttt ^^\^^ *• ^ ""^^ stiength;aers and modi^ suc^ ^^Al 

V. II. Ke, Ta, Nb, C B, Zr, Y, and Hf. The superalloy has good strength, improved weldabilily, and excellent oxidation resistance suitable 
to use m many aerospace and power generaHon turbine applications. . c^wiicm oxnaiion resistance suitable 
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Improved Superalloys 
With Improved Oxidation Resistance And Weldability 

GOVERNMENT SPONSORSHIP 

This invention was made with Government support under Contract Number N00039- 
5 92-C-OlOO awarded by the United States Department of the Navy.. The Government has 
certain rights in this invention. 

FIELD OF THE INVENTION 
The present invention relates to the field superalloys containing palladhim. The 
invention is paiticularly drawn to nickel-based superalloys useful in aerospace and power 
10 generation turbine applications. The superalloy'sweldabiIity» strength and excdlent oxidation 
resistance properties make it useful in turbine blade tip manu&cturing or refurbishment as well 
as in other high temperature components sudi as combusters, nozzles, flame holders and seals 
"whm these properties are desirable or critical. 

15 BACKGROUND OF THE INVENTION 

The term ''superallo/* is used to represent complex nickel, iron, and cobalt based 
alloys containing additional metals such as chromium, aluminum, titanium, tungsten, and 
nsoiybdenum. These additives are used for their high vahies of mechanical strength and creep 
resistance at devated temperatures and improved oxidation and hot corrosion resist For 

20 nickel based superalloys, high hot strength is obtained partly by solid solution hardening usang 
such elements as tungsten or molybdenum and partly by precipitation hardening. The 
precipitates are produced by addmg aluminum and titanium to form the intmnetallic 
compound y , based on NijCTi^Al), within the host material. 

The properties of superalloys make them desirable for use in corrosive and/or 

23 oiodmng environments where high strength is required at elevated temperatures. Superalloys 
are especially suitable for use as material for fabricating components such as blades, vanes, 
etc., for use in gas turbine engines. These engines usually operate in an environment of high 
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temperature and/or high corrosiveness. Therefore a need exists for alloys with high 
temperature oxidation resistance and/or good hot corrosion resistance. 

Nickel based superalloys are weU known in this field. For instance, U.S. Patent 
4,261,742 to Coupland et al. (fisdoses a superalloy consisting essentially of S to 25 wt % 
3 chronuum, 2 to 7 wt % aluminum, O.S to S wt % titanium, at least one of the metals yttrium 
and scandium present in a total amount of 0.01 to 3 wt %, 3 to IS wt % in total of one or 
more of the platinum group metals, and the balance nickel. The Coupland et al. superalloy has 
increased oxidation and hot*corrosion reastance and may be used as a material for fabricating 
blades or vanes of gas turbine engines or components used in coal gasification systems. Also, 
10 U.S. Patent 4,018,569 to Chang discloses an alloy consisting essentially of 8 to 30 wt % 
aluminum, 0. 1 to 10 wt % hafi^m, O.S to 20 wt % of an dement selected fi-om the group 
consisting of platinum, rhodium and palladium, 0 to 3 wt % yttrium, 10 to 40 wt % chromium, 
and the balance comprising an dement sdected firom the group consisting of iron, cobalt and 
nickd. The Chang superalloy has improved environmental resistance which may be used to 
15 improve the temperature cq)ability of components in gas turtmie engines. However, ndther 
Coupland et al. nor Chang disdose superalloy compositions containing palladium in amounts 
suflBdent to improve the wddability of the superalloy in accordance with the requirements of 
the present application. These patonts are herdiy incorporated by reference. 

Other patents are known that disdose lugh temperature nickd containing alloys. 
20 Some examples indude: U.S. Patent 4,149,881 to D*SiIva, U.S. Patent 4,414,178 to Smith, 
Jr. et al., U.S. Patent 4,719,081 to Mizuhara, and U.S. Patent 4,746,379 to Rabinkin herdiy 
incorporated by reference. These patents disdose alloys with various amounts of palladmm, 
diromium and nickd but do not contain aluminum whidi is a reqtiired dement of the present 
invention. 

25 Curroit and the next generation turbofan turbine engines use nickel based superalloys 

for many of the components in the lugh temperature sections of an engine. These sections 
indude the later stages of the high pressure compressor, the combuster, the lugh and low 
pressure turbine, and the exhaust modules. These components are subjected to a wide variety 
of service related degradation including oxidation, fatigue, creep, corrosion, and erosion. In 

30 neariy all applications more than one of these phenomena occurs during turbine engine 
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operation. As a result, aUoy design piincipaUy haa been concerned wi^ 
themomechanical properties of the aUoys. ProduceabiUty of the aUoy, i.e., wddabiUty, 
castabiUty. forgeability, and machineability are often considered a secondary or tertiary 
criterion during aUoy design. However, when weldabiUty is considered during aUoy design the 
5 resulting material may be widely used. For example. AUoy 625 and its derivatives Oncluding 
Alloy 71 8) are the most widely used superaltoys in the world [R L. Eisdstein and D. J. 
TiUadc "The Invention and Definition of AHoy 625". AiperaHoys 718. 625 and Various 
Derivatives, Conference Proceedings. Pittsbuigh Pa., June 1991. ed. E. A. LoriaJ. 

To improve the oxidation resistance and strength of Ni aBoys, successive generations 

10 of alloys have incorporated increasingly higher levds of aluminum and to a lesser extent 
titanium. Both Al and Ti are detrimental to wddaUlity. 

There are several modes ofcracking that can occur during welding. One of the most 
troublesome is strain age cracking of the weld metal or in the heat affected zone of the base 
material Strain Jige craddng is the principal reason why nidcel based supcraUoys are 

15 considered to be difiBcult to wdd [Welding Handbook Vol. 4. Sevemh Edition, ed. by W.a 
Kearns. p. 233 and 236, 0 1982 American Wddiiig Sodety]. This type of craddng can occur 
during cooBng from wdd tdnperature, during post wdd heat treatment, or during the 
application of subsequent wdd passes. The primary reason these alloys exhibit stram age 
cnjcldng is that the aging kinetics of the r phase is very ftst and the aUoy can not 

20 accommodate the resulting strain without craddng. Figure 1 shows the retationship between 
an aUoy-sAl + Ti content awl wddabiBty[M.Prager and C. S. Shira, fFeA£ /Jes: Cottne. 5< 
128. 1968]. Note that aOoys containing greater than 3% Al are considered difficult to wdd, in 

addition as Ti levds mcreasc the allowable amourt of Al presem in the alloy also decreases 
For aUoys that lie dose to the Ime. sudi as Rene'4 1 and Waspaloy. spedal heat treatments 
25 have been used to reduce cnddrig. For example, over aging Rene'4 1 has been shown to 

reduce strain age araddng through the coarsenmg of the y phase [W. P. Hughes and T.B. 
Beny. "A Study of the Strain-Age Cracking Characteristics in Wdded Rene'41-Phase 1". 
WebUng Journal, Aug. 1967. p 361-370]. 

It is common for currem generation superalloys to have as much as 12% Al with little 
30 or no Ti prescm. The impossibifity of wdding these alloys has a significant impact on the 
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repairability of components made from such alloys. For example, a turbine blade may be 
removed from service due to tip wear while the component still has a significant portion of its 
design life remaining. It is desirable to weld repair the worn area and return the component to 
service. Currently these components are repaired using a solid solution strengthened alloy 

5 such as Alloy 625, Hastelloy X, L60S, cmt HSl S8. However, these alloys lack the strength and 
oxidation resistance of the original material; as a result the repaired components suffer rapid 
degradation during subsequent sovice. 

Several other types ofcraddng can occur in superalloywddments. For castings and 
large grain wrought materials grain boundary liquation cracking or hot shortness may occur. 

10 This type ofcraddng is minimized by using a low heat input process sudi as laser, dectron, or 
micro plasma arc wdcfing and controlluig the level of carbide foniung and impurity elements 
[T. J. Kelley, ""Wdding Metallurgy of Investment Cast Nickel-Based Superaltoys", Weldability 
of Materials^ Conference Proceedings, ed. R.A. Patterson and K.W. Mahin, O1990 ASM 
International]. Also, wddments can also suffer from nil ductility cracking and restraint 

15 cracking. Both of which are best minimized by proper weld schedule development and process 
control. 

Current generation based superalloys derive their oxidation resistance from the 
finmation of an extremely adherent and cohesive A1203 surfice layer. The formation of the 
AhOs fihn depends oa the Al content of the altoy and other elements such as Cr, Y, Hf; and Ti 

20 [C. T. Simsand W. C Hagel cds.. The Suoerallovs. O 1972 Wil^. NY]. However, 

increasing almmmim content is the most effective method of improving oxidation resistance. 
Increasing the ahmunum contcsnt is limited by the need to balance other thermomechanical 
properties. As a result oxidation resistant coatings have been devebped to increase the Al 
content at the surfiice. One technique is to apply a difiKision ahmnnide coating where Al is 

25 appliedby a pack cementadon or a chenucal vapor deposition process. Other coating isystems 
are based on the MCrAlX (M can be Ni and/or Co and X can be Y and/or Hf) alloys. These 
alloys are similar to superalloys except they are very high in Al and contain as much as 1 .5% 
Y or Hf These coatings are applied by physical vapor deposition or a thermal spray process. 
One variation of the above coating is to electroplate onto the surface of a component Pd to 

30 improve the oxidation and corrosion resistance [S. Alperine, P. Steinmetz, A. Friant- 
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Costantini, P. Josso, "Stnicture and High Temperature Perfontiance of Various PaJladium- 
Modified Alumined Coatings: A Low Cost Alternative to Platinum Aluminides," Surface and 
Coating Technology, 43/44 (1990). 347-358; P. Lamesle and P. Stcinmetz, "Growth 
Mechanisms and Hot Corrosion Resistance of Palladium Modified Aluminide Coatings on 
5 Superalloys", Materials andManufacturing Processes, vol. 10, no. 5, 1053-1075, (1995)]. 

At Penn State, work has been performed studying the effects of Pd on the oxidation 
behavior of Mo-Cr and Mb-W-Cr alloys (D. Lee and G. Simkovich, "Oxidation of 
Molybdenum-Chromium-Palladhmi Altoys," (Nidation ofMeuOs, 34. Nos. 1/2. (1990); D. 
Lee and G. Siinkovich. "Oxidation of Mo-W^4»dAnoys.'Vo«n^ 

10 163 (1990). 51-62]. The results show that 1-3 wt percent Pd is sufficient to significantly 
improve the high temperature oxidatkm resistance of the altoysy^ The researchers 
hypothesized that Pd acts as a Or resenw for the formation of CrjO, and M 
inward diffiision of oxygen. There have not been previous studies on die effects that Pd 
adtfitions have on the oxidation resistance DfNi based superalloys. 

15 P"^'^* on Plat«m»m additions to superaUoys has shown a be^^ 

oxidation behavior at high temperature. Phitinum concentrations of about 1-3 weight percent 
were shown to significantly reduce the high temperature oxidation rate of the base metal. The 
improvemem was attributed to an increase in the di£Rision rate of other species (I. M. Allam, 
tt C. Akueme, and D. P. WhitUe, "Influence of SmaD Pt Additions on AW), Scale 

20 Adherence". a>ctt4a*«,o/A/etofa. Vol 14.No.6. 1980]. This may be due to an mcrease m 
lattice parameter ofthey phase caused by the presence of Pt. In the presence of HC Pt 
promotes inwardly growing AljQ, pegs that reportedly increased scale adherence (G. J. 
Tatlock and T. J. Hurd. "Platinum and the Oxidation Behavior of a Nickel Based SupoaUoy". 
Q«i«itfto»qrA*^.VoL22.Nos.5/6.1984]. It is possible tiiat Pd additions may also 

25 increase oxide scale adherence by tiie same or otiier mechanisms. 

The surfiwe segregation of Cr, Pd, Mo, and N for a high chromium feiritic stainless 
sted has bee studied [W. E Delport and J. P. Roux. "The Surfece Segregation and Oxidation 
of Chromium and Palladium in High Chromium Stainless Steels". Corrosion Science, Vol. 26, 
No. 6. pp. 407-417, 1986]. TTie investigators found that at 550 °C paUadium oxidation is 

30 virtually complete before Uie oxidation of chromium begins. Also, the data suggests that Cr 
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difiiises more rapidly through PdO than through the bulk material. This data suggests that the 
passivation characteristics of a ferritic stainless sted would be improved if a small amount of 
palladuim (approximately 0.4 weight percentage) is added to the steel. Unfortunately, the 
study (fid not investigate Ugh temperatures, where the formation of PdO can not occur. 
5 Gas turtnne engines are used in a wide variety of applications including commercial 

and military aircraft and for dectrical power generation. Fud effidency is a major concern for 
tiirbine manufacturers and" operators. Considerable effort is expended during the design of 
turbines to improve fud effidency over earlier modds, and operators spend a large part of 
thdr maintenance effort to maintain fiid effidency. Fud represents a major cost for both 
10 airlines and dectric utilities. 

Fud effidency is irtcreased over earfier engines by incorporating new deigns that take 
advantage of advances in aerodynamics and computer simulation. Fud effidency is also 
increased by incorporating advanced materials that allow the engine to operate at higher 
combustion temperatures. Higher combustion temperature results in more complete burning 
15 of the fuel New materials are usually more expensive due to an increase in raw material and 
manufacturing costs. Often these costs are more than of&et by a decrease in fud costs. 
Superalloys have been used extensivdy in the hot sections of turbine engines because of thdr 
Ugh strength and excdlent resistance to oxidation (usually with the addition of a coating). 
Unfortunatdy superalloys are very cfifficult to fiision wdd. The inability to fiision wdd 
20 superaDoys results in increased new part manuficturing cost and an increase in maintenance 
costs. U is desirable to devdop a new attoy that has both excellent oxidation resistance and is 
more wddable than current alloys. 

Turbineeffidency is reduced when excessive dearances devdop between routing 
components and stator components. In the turbine, unwanted dearances devdop due to the 
25 tbermoniechamcd degradation ofthebbule tip allowing airflow to leak past the bl^ Often 
turbine blade tip degradation becomes severe enough for the operator to remove the blade 
from service for repair. The repair consists of wdding a suffident amount of repair material 
to the tip and recontouring the blade to final dimensions. The repair material is often AUoy 
625. This material is a solid solution strengthened nickd alloy that has inferior oxidation 
30 resistance to the origind blade material. However, Alloy 625 exhibits excellent weldabiiity 
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compared to most original blade materials which have such poor weldability that they can not 
be used as the repair material. 

Because most repair material, frequently Alloy 625, has poor oxidation resistance, it 
does not maintain clearances and causes the turbine blades to be removed frequently for 
5 additional repairs. By substituting AUoy 625, or other repair material, with the subject 
invention, the turbine operator wiU realize a reduction in fuel consumption and maintenance 
costs 

SUMMARY OF THE INVENTION 
Accordingly, thcrei$aneedfi>ranewanoythat provides for improved wddability 

10 while maintaining the oxidation resistance stmilar to that of ti^^ The 
pnsert invention B a new superalkv with improved weldability. 
and strength adequate for aerospace and power generation tuHnne applications. The alloy 
derivesimprovedwddabilityfiomtheadditionofpalladium. tt is preferred that the palladium 
replaceexistingNimcom^ilionalnickd-basedsupeialloys. The palladium also improves 

15 high temperature oxidation resistance and pnnridessoUd solution stren^^ 

Palladium additions may improve wddability via four mechanisms: ( 1 ) Pd increases 
aluminum solubiUty in the system resulting in a decrease in the volume fraction of (2) Pd 
may decrease the Y solvus temperature, increase the Y coarsening rate and reduce stiain age 
sensitivity, (3) Pd may dday the onset of / predpitation during post wdd cooling, and (4) Pd 

20 «nay increase lattice mismatdi in the presence ofaspedes that excUisivdy substitutes fi^^ 
ahuninuminy'. The palladium additions may improve oxidation via the foUowing 
niechanisms: (1) Pd win increase the ahnninum sohiblBty in tiie system resulting in mw 
avdlaWe to fonn an oxide scale. (2) a Pd enridied hqrer win form mar the surf^ 
the diffiiaon distance for other dementd constittients. and (3) Pd may inhibit 

25 oxy^ into tiie substrate tiiereby reducing internal oxidation. 

One intended use for tfie alloy is as a filler metal for turbine blade tip manufacturing or 
refurinshment. Cuirenriy, diere is m> superalloy tip material bring used as a refurbishment 
material. Otiier Mgh temperature components sudi as combusters, nozzles, and seals can also 
be wdded (for new part or refurbishment) using the new alloy. 
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Another use of the alloy would be stiuctural components of a turbine engine, 
particulariy components that require excellent oxidation resistance and may require repair 
during the life time of the component Such a repair may involve welding to restore 
dimensioiud and structural integrity to the part It would be important in such a repair that 
5 wdding does not induce cmks that may promote early and potentially catastrophic failure. 

For the purposes of tlus invention disclosure the term 'wdding* refers to a fiision wdd 
^ process with or without a filler material. This type of wdding can be performed when 
(Umensional restoration is required or whm piece parts are joined to form an inseparable 
assembly. 

10 When used as a repair material for turtnne blade tips the new alloy will save energy by 

reducing the amount of degradation m effiden^ due to normal operation of a gas turbine 
Q.e., the turbine will maintain its designed efiSdency for longer periods of time). Energy will 
also be saved by allowing the design of turbines with improved effidency over those currently 
available. There is potential to significantly increase the savings by incorporating the new 
15 alloy into more than one application. Further, energy savings may be realized when the new 
aDoy is used in other applications in a turbine. 

The new alloys of the present invention provide for weldable oxidation resistant 
superalloys that are currently unavailable. The alloy will allow jet engine manufacturers and 
overfaaulersto provide improved components at a manufiicturing cost similar to current repair 
20 teduiiques. In addition it i^ allow components to be repaired using existing processes. It 
will also allow the repair of components mth similar oxidation resistance as the original 
materid so no loss of performance is experienced. 

The alloys represent a departure in design philosophy usudly employed in the 
development of superalloys. Typically wddability is not a dedgn criterion. In tlus approach 
25 wddability and oxidation are primary dedgn criteria dong with devated temperature 
mecharucd properties. It is believed that the pdladium additions wiU help to achieve the 
design gods. 

These and other advantages of the present invention are accomplished by either 
replacing nickd with palladium in an existing superdloy or by designing new alloys with 
30 palladium as a major aUoying constituent. The new dloy can be based on cbnventiond nickel. 
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iron, or cobalt based materials, including superalloys. Further, the new alloy may be an 
enhancemem to mechanically alloyed or aluminide classes of materials. 



BRIEF DESCRIPTION OF TBE DRAWINGS 

Figure 1 is a graph showing the weldability as a function of aluminum and titanium 
content in aUoys that do not contain palladium [not the present invention]. 

Figure 2 is a graph showing the effect of solute concentration on the lattice parameter 
of gamma nickel. 

Figure 3 shows the effect of solute concemration on the lattice parameter of Ni,AI. 
Figure 4 shows 1 1 50"C isothemial oxidation results for the alloys listed b table 5. 
Figure 5 shows WOO-C isothennal oxidation results for the aUoys listed in table 5. 
Figure 6 shows the 1 150»C isothennal oxidation results for three alloys with 
equivalent sohite contents and vaiying Pd amounts 

DETAILED DESCRIPTION OF TBE INVENTION 
Pd is a &ce centered cubic metal and exhibits complete substitutional solid solubility 
withNi tMetalffHwdbook Vol. g, 8th Ed.. O American Society for Metals. 1973:Binan; 
MssH^S^SSia, Vol 3. 2nd Ed., T. B. Massalski Ed.. O ASM Int., 1990]. However, 
Pd has a higher solid sohibility for AI. For example, Ni has an Al solubiUty at 1000 »C of 14 
atomic percent while Pd at the same temperature has an Al solubility of 20 atomic percent. 
Similariy. at 800 "C the AI sohdnlity in Ni and Pd is 1 0 and 1 7 atomic percem respectively. 

There is no AWM-Ni temaiy phase diagram available, a review of the binary phase 
diagrams shows that there is a Pd-AI eutectic at approximately 23 atomic percent Al that 

mdts at 1055 In the Ni-Al system there is a eutectic at approximately 13 atomic percent 
Al that melts at 1385 °C. As a result it may be expected that a ternary eutectic may exist in 
25 the 13-23 atomic percem region and may have a melting point between 1055«C and I385-C. 
From this information it can be hypothesized that the y' aging kinetics may be favorably 
influenced, i.e., decreasing Y precipitation rate with the addition of Pd. This would have a 



15 



20 
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&vorable impact on a wdd to resist strain age racking either occurring during post weld heat 
treatment or in the wdd bead during subsequent weld passes. 

Table I shows the relevant aystallographic data for Ni Pd, and Al. Note that the 
atomic radius and lattice constant are more dosely matched for Pd and Al than for Ni and Al. 

5 According to alloying rules first proposed by Hume-Rothery, the closer the match between 
atomic radii the higbo' the sohibility of the solute [Physical Metallurgy Principles. Second 
Edition, by Robert E Reed-Hill, 01973 Litton Educational Publishing Inc.]. This criterion, 
known as the aze fiictor, states that atonuc radii differences of less than 15% can result in 
substantial solid solubility. This limitation is associated with the strain induced by the solute 

10 atoms in the lattice. Note that the difference between Ni and Al is 13% while the difference 
between Pd and Al is only 4%. This supports the conduaons reached by inspection of the 
phase diagrams. 



Table i: Crystal Structure OfNi, Pd, and Al 



Eiemcnt 


Cryitaliype 


Atonic Radius 


Lattice CMutant 


Ni 


FCC 


1.246 


a=3.5238 


Pd 


FCC 


1.376 


&F3.8902 


Al 


FCC 


1.432 





values given in angstroms 



15 

The diange in y and Y lattice parameters as a fimction of alloying dement has been 
studied previously [M. YosUnao, O. Shouidu, and T. Suzuki, "Tattice Parameters of Ni(Y), 
Ni3AKT')» ^ ^bGa(/) Solid Solutions with Additions of Transition and B-Subgroup 
ELemaits"',AciaMeiaUurgica^ VoL 33, No. 6, pp. 1161*1169, 1985, 0 1985 Pergamon Press 

20 Ltd.] . Figure 2 shows the effect of sohite concentratbn on the lattice parameter of ganrnia 
nickel. Palladmm has a significant effect on the / lattice parameter, of the elements shown 
only Nb and Ta have a larger effect. Note that the solubility limit of each element has not 
been accounted for in the figure. 

Figure 3 shows the effect of solute concentration on the lattice parameter of Ni3 Al. Pd 

25 has a large effect on the NisAl lattice parameter. Pd replaces Ni in Y and in a ternary Ni-Pd- 
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Al^rstems partitions equally between Y and/. This results in little net change in the lattice 
mismatch baween Y and 

The alloying behavior of a variety of NijX (X can be Al, Ga, Si or Ge) compound has 
been investigated [S. Ochiai, Y. Oya, T. Suzuki. "Alloying Behavior of Ni,Al, NijGa Ni,Si 
5 and NijGe?. Acta MetaUurgica, Vol. 32, 289, 1984, O 1984 Pergamon Piwss Ltd.]. 

Palladhmi was shown to substitute exclusively for nickel. At I05(rC Pd has a solubility in y' 
of approximately 15 atonuc percent In superaDoys. cobalt is tiie only other common element 
that was shown to substitute for nickel, however its Y solubiUty decreases with increasing 
temperaniie. Most otiwr dements partition to Al sites or wiU substitute for both Ni and Al. 
10 For example. Ti and Nb wifl partition to the y Al sites and result in an increase in lattice 

parameter mismatch. Cr will partition to eiUierNi or AI sites, however Al sites are more 
likdy to be occupied by Cr. 

The addition of palladium will not promote tiie formation of topologicaUy dose 

packed phases such as o,n, or Laves. This is because palladium has nearly Uie same electron 

13 hole number as nickel (0.61 for nickel compared to approximately 0.66 for palladium) IHeat 
Treatment Structure and Properties of Non fe mMia Allovs by C. R. Brooks, O 1984 American 
Society for Metals, p. 199]. As a result, PHACOMP cateulations yield about tiie same 
electron hole numbers for aOoyswiUi nickel or palladhmt The fonnation of TCP phases is not 
a imblem when substituting >K with Pd in existing superalloys. 

20 ft is <fifficult to predict tijeeflfect palladhmi wiU have on tiie lattice parameter 

mismatch. Y* sdvus temperature, y coarsening rate, Pd partitioning, duminum solubiUty. the 
formation of otiier Pd bearing intermetallics. and tiie role Pd has in oxidation. However, die 
information taken fiom various binary and ternary systems indicates tiiat palladium can 
fovorably inqact wddabiGty and oxidatbn resistance. 
25 If palladium partitions equally between y and y*, then tiiere would be UtUe effect on Uie 

hardening affect of tiie Y : however, the increase in aluminum solubility should reduce tiie total 
volume fraction present at any given temperature. If Pd does not partition equally, then tiie 
lattice mismatch will increase and the hardening affect of the y* will decrease. 
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Because of the high solubility of Al in Pd and the presence of a low melting point Ai- 
Pd eutectic a decrease in the y' soivus occur in complex alloys. This would delay the 
onset of / precipitation during cooling from wdcting temperatures. The strains induced by 
cooling may be more easily accommodated. Also, the lower soivus temperature would put 
5 more aluminum into solution at operating temperature. 

Although the benefidal effect of Pt on oxidation resistance has been shown, there are 
no documented studies on the effect of Pt on weldability. This is probably because the Pt 
levels were thought to be too small to have a measurable affect on weldability. More 
importantly, weldability was not a concern for the alloy designers investigating Pt additions to 
10 superalloys. 

A review of the Pt-AI phase diagram shows that Pt has less solubility for aluminum at 
1000 than either Ni or Pd at the same temperature [P.R. Hultgren, Selected Values of 
Thermodynamic Properties Supp. 1. part U Alloys, O 1963 John Wiley & Sons]. As a result, 
the solubility of Al in y would not increase. This would effectively result in little or no 
15 reduction in/ volume fractioa Since platinum is also likely to partition equally between y 
and Y there would be no net increase in lattice mismatch. 

A necessaiy condition for a spedes to improve weldability is that it nnist replace 
ecchisivdy in y' md its sohibiltty for aluminum mu^ Pt does 

not meet the second condition. Palladhmi, however, appears to meet the necessary conditions 
20 to improve both oxidaUon and weldability. 

Example 1 

To improve the weldability and oxidation resistance of an existing superailoy it is 
proposed to substitute approximately half of the nickd by weight with palladium. The exaa 
levd of substitution will be dictated by the amount of Pd necessary to improve wddability. It 
25 is likely that the higher the Al Ti percentage in the alloy the higher the concentration of Pd 
necessary to make a noticeable improvement in weldability. Once the substitution is made the 
wmght percent of the other constituents would be adjusted to maintain the same atom 
proportions as the original alloy. The following example given in Tables 2 and 3 illustrates the 
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technique for IN738 alloy rSuperallovs A Technical Guide ed. E. F. Bradley, O 1988 ASM 
International]: 



Table 2: Nominal Composition oriN738 





C 


Ni 


Cr 


Co 


Mo 


Al 


B 


Ti 


W 


Zr 


Ta 


Nb 


w% 


0.17 


61.3 


16 


I8.S 


1.75 


3.4 


O.Ol 


3.4 


2.6 


0.1 


1.75 


0.9 


a% 


0.8 


59.1 


17.4 


18.2 


I.O 


7.1 


0.05 


4.0 


0.80 


0.06 


0.91 


0.55 



5 



Table 3: Nominal Composition of IN738 with Pd Additions 





C 


Ni 


Pd 


Cr 


Co 


Mo 




B 


Ti 


W 


Zr 


Ta 


Nb 


w% 


0.15 


36.7 


30 


13.8 


7.4 


1.5 


2.9 


0.01 


2.9 


2.3 


0.09 


1.5 


0.78 


a% 


0.8 


40.7 


18.4 


17.4 


8.21 


1.0 


7.1 


0.05 


4.0 


0.80 


0.06 


0.91 


0.55 



The amount of Pd necessary to make a noticeable improvement in IN73 8 weldability 
must be deterauned experimentaUy. Once the Pd level has been determined then other 
thennomechaincal, oxidation and cmrosion properties must be determined to establish 
suitabiltty for aparticular appiicadon. 

In order to nunimize the amount of Pd necessary to achieve the desired properties a 
new alloy has been designed. Design criteiia for the new alloy are to maximize weldability 
and oxidation resistance whfle maintaining other properties, such as creep and rupture, at 
levels that would meet an imended appUcation. For example, turbine blade tip repair requires 
that the tip posses a minimum rupture strength and some resistance to thermomechanical 
fatigue. The presem bventors have estabCshed a base alloy on which other alloys can be 
designed to meet particular needs. The aUoy consists ofNi. Pd, Cr. and Al. Other elements 
may be added to increase various thermomechanical properties. Table 4 shows the limits on 
the base aUoy. It is preferred that the total wt % of Ni + Pd or ofNi + Pd + Fe (if Fe based) 
lies within the range of SO-80. 
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Table 4: Limits on Ni Superalloy with Pd 



ELEMENT 


WEIGHT PERCENT 


Nickd 


balance 


Pailadium 


0.5 to 50 


Chromium 


0.5 to 30 


Aluminum 


0.5 to 20 



Solid solution strengtheners such as Co, W, Mo, V, Ti Re, Ta, Nb are added to 
improve tensile strength. Gamma prime modifiers such as W, Mo, V, Ti Ta, and Nb are 
added to improve alloy strength and creep resistance, espectaUy after an aging treatment. 
5 Grain boundary strengtheners such as Q B, and Zr are added to reduce grain boundary sliding 
that may occur during creep. Fmally, Y and Hf are added to improve oxidation behavior, if 
necessaiy. 

Example 2 

10 To improve the weldability and oxidation resistance of existing superalloys it is 

proposed to add palladium to the system. Table S shows the composition of a test alloy that 
was based on Alloy 738. In the test alloy, indicated by Alloy A, Pd simply added to the base 
alloy in an amoimt necessary to achieve approximately 20 atomic percent palladium. All other 
atom fractions of all other constituents were then reduced. 

15 

Tables 





ElcmciitB (atiunk percent) 


Al 


B 


C 


Co 


Cr 


Mo 


Nb 


NI 


Pd 


Ta 


ri 


W 


Zr 


Alloy 738 


6.92 


0.06 


0.47 


8.01 


1702 


1.02 


0.57 


59.81 


0.0 


0.92 


4.16 


0.8 


0.04 


AUoyA 


5.52 


0.05 


0,43 


6.42 


13.82 


0.81 


0.45 


48.05 


19.78 


0.73 


3,31 


0.6 


0.03 
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Figure 4 shows 1 150»C isotbennal oxidauon results for the aUoys listed in table 5. Note that 
the base alloy AUoy 738 oxidizes at a significantly faster rate than Alloy A, despite the 
reduction of Cr and Al in Alloy A due to the addition of Pd. 



10 



Ezanple3 

To improve the wddabiUty and oxidation resistance of an existing superaUoys it is 
proposed to substitute nic^ with palladium in such a way as to maimain the atom fraaions of 
aU other elements in the alloy. This can be accompUshed by setting the Ni + Pd combined 
atom fraction to a level equal to the atom fraction of Ni in the base alloy. This technique is 
iDusiratedinTablee. The atomic percentage ofNim unmodified Alloy 73 8 is nominaUy 
67.70. By adding palladmm and keeping the Ni + Pd level equal to 67.70 then the atom 
fraction of the remaining constituents will remain unchanged. 



T^ 6 Constam Atomic Percentage of Sohite 















■••ttiii <ttiQttk pcRcac) 






B 


c 


Co 


Cr 


Mo 


Nb 


NI 


Pd 


Tb 


Ti 


W 


Zr 


AUoyC 




QlOS 


0.43 


6.43 


13.82 


.82 


0.45 


6X68 


S.02 


0.74 


3.34 


0.63 


0.03 


AU^B 


5^ 


0.05 


0.43 


6.43 


13.82 


.82 


0.45 


57.70 


10.00 


0.74 


3J4 


0.62 


0.03 


AUoyA 




OlOS 


"air* 


6J9 


13.74 


.81 


0.45 


48.U 


19.78 


0.73 


3.31 


0.62 


0.03 1 



15 



20 



Fiffire 6 shows the 1150»C isothennal oxidation results for three alloys with 
equivalent sohite contents and vaiyingPd amounts. Note that as Pd levels increase the 
oxidation rate and total weight gain decreases. The exact level of palladaun substitution wiD 

be dictated by the amoum of palladhmi necessaiy to achieve improved WddabiUty and 
suffidem oxidation reasuuice, which is deternuned experimentally. 



25 



lum 



Example 4 

The design and of a new alloy that maximizes the benefits of the addition of pallad 
to a supeialloy may be the best approach for newly design components or redesign of existing 
components. The design of anew aOoy requires knowledge of the intended appUcalion or 
applications. For gas uiibine operating temperatures between about 430"C and about 980»C 
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hot corrosion may be dominating mechanism of metal attack. Therefore a newly designed 
alloy for this temperature range nmst be resistant to hot corrosion. Typically chromium is 
added to alloys to increase hot corrosion resistance via the formation of a Cr203 scale. To 
improve weldability of these alloys, palladium is added in an amount suitable to obtain the 
desired weldability. Table 7 shows compositional ranges that would eMhit hot corrosion 
resistance and improved weldatnlity. It is preferred that the composition consists essentially of 
only these elements. Also; in one preferred embodiment, the amount of Pt, Hf, Y, and Sc is 
zero. 



Table? 



Element 


Rani^ (wt %) 


Preferable Range (wt. %) 


Most Preferable Ranpc (wL %) 


Al-fTi 


0.5-10 


1-9 


2-5.5 


B 


04).01 


0-0.007 


0.006 max 


C 


MA5 


041.1 


0.03 max 


Co 


0-25 


2-20 


3-15 


Cr 


5-30 


10-25 


12-22 


Fc 


0-70 


0-30 


5max 


Hf+Y + Sc 


04>.009 


(M>.005 


0.005 max 


Moand/orW 


0.5-20 


M5 


L5-12 


Nb and/or Ta 


0-8 


0-7 


0-5 


Ni 


0-70 




18-63 


Fd 


2-50 


2^5 


5-40 


Pd-f M + Fc 


50-72 


55-70 


58^ 


Re and/or Rh 


0-10 


0-5 


0.05 max 


V 


0-5 


M.5 


0.1 max 


Zr 


0-015 


O-.Ol 


0.005 max 



Example 5 

The design of a new alloy that maximizes the benefits of the addition of palladium to a 
superalloy may be the best approach for newly design components or redesign of existing 
components. The design of a new alloy requires knowledge of the intended application or 
applications. For gas turbine operating temperatures above about STO'^C, oxidation is the 
dominating mechanism of base metal attack. Therefore a newly designed alloy for this 
temperature range must be resistant to oxidation. Typically aluminum is added to alloys to 
increase oxidation resistance via the formation of an AliO) scale. To improve weldability of 
these alloys, palladium is added in an amount suitable to obtain the desired weldability. Table 
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8 shows compoational raises that would exhibit oxidation resistance and improved 
wddabiiity. It is preferred that the composition consists essentially of only these elements. 
Also, in one preferred embodiment, the amount of Pt, Hf, and Sc is zero. 



Tables 



Element 


Rannie (wt %) 


Prefeiable Range (wt %) 


Most Preferable Ranee (wt %> 


Al + Ti 


MO 


3-9 


3-7.5 


B 


0-0.01 


<M>.007 


0.006 max 


C 


0^.15 


0-OJ 


0.03 max 


CO 


0*20 


2-15 


3-12 


Cr 


0-20 


2-15 


3^12 


Fe 


O-IO 


0-5 


0.5 max 


Hf+Y + Sc 


04).009 


O4).005 


0.005 max 


Mo and/or W 


0J-20 


1*18 


1.25-15 


Mb and/or Ta 


0-10 


0-8 


06 


Nt 


0-70 


4-68 


12-60 


Pd 


2-55 


3-52 


5-45 


Ni + Pd 


55-72 


56-71 


57-65 


Re and/or Rh 


0-10 


0-5 


0.05 max 


V 


0-5 


04}.5 


0.1 max 


Zr 


0-.015 


O-.OI 


0.005 max 



Example 6 

Tuibine blade tips are currently repaired using a number of different processes and 
materials. Repair cost is of primary importance to the engine owner. The most cost effective 

10 repair is to use an alloy with excellent wddabiiity and apply a new tip using a manual 

tungstennnert-gas wdc&ig process. In some cases, a more precise welding process such as 
plasma transferred arc or laser is used to reduce repair costs. However, as previously 
described, alloys with excdlent wddabiiity lack strength and oxidation resistance. In recent 
years investigators have tried several methods use advanced alloys as wdd fillers. One 

15 technique is to preheat the component to be repaired to very high temperatures (400-1 100**C). 
The idea being that the high temperature prdieat will reduce cracking. Although this method 
has limited success it suffers firom several problems. One problem is that the high preheat may 
increase base metal cracking. Another problem is the cost assodated with the preheat. 
Prdieating parts requires expensive equipment and extra process controls, often redudng 

20 productivity, inaeasing rqect rates. The alloys in this invention can be used to repair 
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components such as turbine blades, combusters, seals, vanes, and shafts by conventional repair 
procedures. This is advantageous because no additional equipment is required to use the new 
alloy. Component repair costs is kept to a low value. 

There are several ways the new alloys can be used for repair. One way is to use a 
s weld filler alloys that has a composition based on the original component alloy but modified 
with Pd (as outlined in Example 1 and 2). Another way is to use a completely new alloy based 
. on the compositions (as outlined in Example 3 and 4). 

Althou^ the invention has been described in detail in the foregoing for the purpose of 
10 iUustradon, it is to be understood that such detail is soidy for that purpose and that variations 
can be made therdn by those skilled in the ait without departing from the spirit and scope of 
the invention except as it may be limited by the claims. 
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We claim: 

1 . A Ni, Fe. or Co based superalloy containing from 2-55 wt % Pd such that the total wt 
% of Ni + Pd is in the range 50-80. 

2. A superalloy comprising: 



Bement 


Range (wt. %) 


Al + Ti 


1-10 


fi 


0-0.01 


C 


0-0.15 


Co 


0-20 


Cr 


0-20 


Fe 


0-10 


Hf+Y + Sc 


0-0.009 


Mo^W 


0.5-20 


Nb+Ta 


0-10 


Ni 


0-70 


Pd 


2-55 


Re-i-Rh 


0-10 


V 


0-5 


Zr 


0-.015 



w^ierdn the wt % of Al is > 0 and the total amount of Pd -i- Ni lies in the range of 55-72 wt 



- 19 - 



wo 97/38144 



PCT/US97/05974 



3 . The superaUoy according to claim 2 comprising 



Element 


KicieiaDie Kange (wt %) 


Al +11 


3-9 


B 


(M>.007 


C 


0-0.1 


Co 


2-15 


Cr 


2-15 


Fc 


0-5 


Hf+Y + Sc 


0-0.005 


Mo-«-W 


1-18 


Nb + Ta 




Nl 




Fd 


3-52 


Re+Rh 


0-5 


V 


0-0.5 


Zr 


O-.Ol 



wherdn the wt % of Al is > 0 and the total amount of Pd + Nt lies in the range of 56-7 1 wt %. 

4. A superaUoy according to claim 2 wherein the atomic ratio of nickel to palladium is 
about 1:L 

5. A Ni, Fe» or Co based superaUoy containing from 2-50 wt % Pd such that the total wt 
% of Ni + Pd + Fe is in the range 50-80. 
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6. A superalloy comprising 



Elemenl 


Range (wt. %) 


Al + n 


0.5-10 


B 


0^.01 


C 


0-0.15 


Co 


0-25 


Cr 


5-30 


Fe 


0-70 


Hf+Y+Sc 


0-0.009 


Mb + W 


0.5-20 


Nb + Ta 


M 


Ni 


0-70 


Fd 


2-50 


Rc + Rh 


0-10 


V 


0-5 


Zr 


0..015 



iM^ierdn the wt % of Al is > 0 and the total amount of Pd + Ni 
wt%. 



+ Fe lies in the range of 50-72 
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7. The niperalloy according to claim 6 comprising 



Element 


Range (wt %) 


AI + Ti 


1-9 


B 


0-0.007 


C 


0-0.1 


Co 


2-20 


a 


10-25 


Fe 


0-30 


Hf+Y + Sc 


O-.OOS 




1-15 


Nb+Ta 


0-7 


Ni 


10^ 


Fd 


2^5 


Re-fRh 


0-5 


V 


0^.5 


Zr 


0-.01 



wherein the wt % of Al is > 0 and the total amount of Pd + Ni + Fe lies in the range of 5S-70 
wt%. 

8. A superalloy according to dsam 6 whereth the atomic ratio of nickel to palladium is 
about 1:1. 

9. A turbine blade comprising a superalloy according to claim 1 or 6. 
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